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ABSTRACT 
The  leaky Lamb wave  (LLW)  technique is approaching  a matmity level that is making it an 
attractive  quantitative NDE tool  for  composites  and bonded joints.  Since it was first observed in 
1982, the  phenomenon has been studied  extensively,  particularly in composite  materials. The wave 
is i n d u d  by  oblique  insonification using a pitch-catch  arrangement  and  the  plate  wave  modes  are 
detected  by identiwi minima m the reflected spectra to obtain  the  dispersion data. The  wave 
behavior in multi-orientation laminates has been well docmnted and combomted experimentally 
with high accuracy.  The  sensitivity of the wave to the elastic constants of the material and to the 
boundary conditions  led to the capability to masure the  elastic  properties of bonded joints. 
Recently,  the  authors  significantly  enhanced  the  LLW method's capability  by  increasing the speed 
of  the data acquisition,  the  number  of  modes that em be identified  and  the  accuracy of the data 
inversion. In spite of the  theoretical  and  experimental progress, methods that  employ  oblique 
insonificathn of composites  are  still  not being applied as standard  industrial NDE. The authors 
investigated the possible  causes  that are hampering the transition of the  LLW  to industrial 
application and identified 4 key  issues, The current  capability  of  the  method and the nature of these 
issues are described in this paper. 
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INTRODUCTION 
The  high  stiffness to weight  ratio,  low  electromagnetic  reflectance  and  the  ability to embed 
sensors  and  actuators  have d e  fiber-reinforced  composites  an  attractive  construction  material 
fbr primary aircraft structures.  These mterials consist  of  fibers  and a polymer mtrix that  are 
stacked in layers and then  cured. A limiting  factor in widespread use of composites is their  high 
cost - composite parts are about an order of magnitude mre expensive than metallic parts. The cost 
of inspection is about 30% of  the  total cost of  acquiring  and  operating  composite  structures. This 
large portion of the  total cost makes the need for  effective  inspection  critical  not  only  to  operational 
safety  but also to the cost benefd of these materials [Bar-Cohen, 19911. Currently,  there are several 
critical issues that are still  challenging the NDE community  with regards to inspection of 
composites. These issues include: 

Defect  Detection  and  Characterization: Composites  are  susceptible  to  the  formation  of 
many  possible  defects  throughout  their  life  cycle  mostly  due  to the multiple step production 
process  and  their  non-homogeneity  with  brittle matrix. These defects  include  delaminations, 
crackq, fiber fiactwe,  fiber  pullout, matrix crack-,  inclusions,  voids, and impact-damage. 
Table 1 lists some of the  defects  that  may  appear in composite  laminates  and  their  effect on 
structural  performance.  While  the  overall  emphasis  is  on  detection of delaminations, 
porosity and impact  damage,  Table 1 is showing that other defects  can  have a critical  effect 
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on  the  performance  of  host s t rucw.  Therefore,  it  is  essential to be able to characterize  the 
hosted flaws  in  order to estimate  their effect on the structural integrity. 
Material  Properties  Characterization: Production  and  service  conditions  can  lead  to 
pperty degradation  and s u b "  performance of primary  structures.  Causes  for  such 
degradation can be the use of wrong  constituent  (fiber  or  matrix),  excessive  content  of one of 
the constituent  (resin  rich or starved), wrong stacking order,  high porosity content, micro- 
cracking,  poor fibdresin interface  aging,  fire  damage,  and  excessive  environmentall 
chemical/radiation  exposure. Current destructive  test  methods of determining  the  elastic 
properties  are  using  representative  coupons.  These  methods are costly and they are  not 
providing  direct  information  about  the pperties of  represented structures. 
Need for R a ~ i d  Lame Area Inspection: Impact  damage  can  have  critical  effect on the 
structure capability  to operate in  service (see Table 1). This critical  type of flaw  can be 
induced  during service life  anywhere  on  the strwtuw and  it  requires  detection as soon  as 
possible  rather than waiting  for  the  next scheduled maintenance  phase, Repeated application 
of  conventional NDE for  verification of the structural integrity  can be very  expensive  and 
takes  aircraft  out  of  their main mission.  Since impact damage  can  appear  anywhere,  there is a 
need  fbr  a  low-cost  system  that can be used to rapidly bpect large areas in  field  condition 
The use of a robotic  crawlers  potentially can offer an effective  approach par-Cohen, 1997). 
ReabTime Health  Monitoring: A system of health-monitoring  is  needed  to  reduce  the 
periodic  inspection,  which  requires  the  temporary  removal of  the  aircraft &om service. 
Fundamentally,  such  health  monitor  systems  emulate  biological  systems,  where  onboard 
sensors track the  stmctural integrity throughout  the  life  cycle.  The  life  cycle starts &om 
production  and  continues t b u g h  service providing an alarm to indicate  that a critical 
parameter was exceeded. 
Smart Structwes: The  availability  of compact actuators, sensors and  artificial  intelligence 
has made it possible  to  develop structures that self-monitor  their own integrity itnd use 
actuators  to  avoid  or  timely  respond to threats. The changing  environment  or  conditions  can 
be counteracted by adequate  combination of actuators and sensors that  change  the  conditions 
and/or  dampen  the  threat.  Artificial  intelligence  can be used  to assure the  application  of  the 
most effective  response  at the shortest  time. An example of the  application of smart structures 
is the  reduction of vibrations  that  lead  to  fatigue. 
Residual Stresses: Current  state of the art does not  provide  effective  means of nondestructive 
determination of residual stresses. Technology is needed to detect  and  relieve  residual  stresses 
in structures made of composite  materials. 
WeatberinP  and  Corrosion Dnrmagq: Composites that are  bonded to metals are  sensitive to 
exposure to service  fluids, hygrothed condition  at  elevated  temperatures and to  corrosion 
Particular conm rises when aluminum  or  steel  alloys  are in a direct contact with 
graphite/epoxy or with  graphite/polyimide laminates. The graphite,  in  graphite/epoxy 
composites, is cathodic  to aluminum and steel  and  therefore  the metal, which is either 
fastened or bonded to  it, is eroded. In the  case of graphite/epoxy  the metal deteriorates, 
whereas in the  case of graphitdpolyimide  defects are induced in the  composite  with  the  form 
of microcracking,  resin  removal,  fiber/matrix  interfhce  decoupling  and  blister  (e.g. 
delaminations).  When an aluminum  panel  is  coupled to a GrEp protective  coating  the 
aluminum is  subjected  to  a  significant  loss of strength.  To  prevent  such  degradation,  a 
barrier  layer is needed  between  the  metal  and the graphite/epoxy,  where  many  times 
glasdepoxy  or  Kevladepoxy  layers  are  used. 
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The  level of degradation of composite  materials  exposed  to  service  environment  depends 
on  the  chemical  structure: of the polymer matrix. In  thermoset  composites, the epoxy 
absorbs  moisture  and  loses  its  thermal  stability as a  matrix in a reversible  plasticisation 
process. On the  other  hand,  thermoplastics  are  susceptible  to  effects  of  aircraft  fluids  such 
as cleaning  fluids,  paint  stripping  chemicals and &el.  Imide  polymers  are  sensitive  to 
strong base producing  amid  acid salts and  amides, and their  degradation  rate  is  determined 
by such  parameters as the  temperature, stress, and  humidity.  The  strength of the  material 
deteriorates at 811 exponential  rate,  however  annealing  can  reduce  the  degradation  rate. 

'ABLE 1 : Effect of defects in composite  materials 

Delamination Catastrophic  .failure  due to loss of interlaminar  shear  carrying  capability. 
Defect Effect on the  material  performance 

Typical  acceptance  criteria  require  the  detection of delaminations  that  are z0.25- 
inch 

Impact 

Degradation  depends  on  stacking  order  and  location.  For [0,45,90,-45]2~ Ply  gap 

0 Easily  visible  damage  can  cause 80% loss damage 
The  effect on the  compression  static  strength 

0 Barely  visible damage can  cause 65% loss 

laminate: 
- 9% strength  reduction  due  to  gap(s)  in 0' ply - 17% reduction  due  to  gap(s)  in 90 ply 

Generally,  NDE methods are  used  to  determine the mtegrity and stmess of composite  strwtures. 
While information  about the integrity  and  stiflhess can be extracted  directly h m  NDE 
measurements,  strength and durabi i  can not be measured by  such  measurements  because  these 
are not  physically measurable parameters. For many years,  the  multi-layered  anisotropic nature of 
composites posed a  challenge  to the NDE research community. Pulse-echo and through- 
transmission are still  the leading standard NDE methods of determining  the quality of  composites. 
However,  these  methods  provide  limited and mostly  qualitative  information  about  defects  and 
material  properties.  The  discovery of the leaky Lamb wave (LLW) [Bar-cohen & Chimenti, 19841 
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and the Polar Backscattering par-Cohen & Crane, 19821 phenomena  in  composites  enabled 
effective  quantitative NDE of composites.  These  obliquely insonified ultrasonic  wave  techniques 
were  studied both experimentally  and  analytically by numeTous  investigators  [e.g.,  Bar-&hen & 
Mal, 1988, Dayd & Kinra, 1991, and  Nayfeh & Chimenti, 19881. These  studies  led to the 
development of eflkctive  quantitative NDE capabilities  for  the  determination of the  elastic 
properties, to an accu8fe characterization of defects  and  even  the  determination of the  quality of 
adhesively  bonded  joints  mar-Cohen  and Mal, 19891. In spite of the  progress that was Made both 
theoretically  and  experimentally,  oblique  insonification  techniques  have  not  yet become standard 
industrial NDE methods  for  composite materials. The authors investigated the possible  causes that 
are hampering  the  transition of these: methods, particularly  the  LLW, to p t i c a l  NDE. This 
manuscript  covers  the progress that was made  in  tackling  the  theoretical  and  experimental  issues  to 
the solidification of  the  foundation of the  technique  and the transition to practical NDE. 

LEAKY LAMB WAVE PHENOMENON 
The  phenomenon  leaky  Lamb  wave  (LLW)  is  induced  when  a pitchcatch ultrasonic  setup is 
insonifies a plate-like solid immersed  in  fluid par-Cohen, Mal and  Lih, 19931. This phenomenon 
was discovered by the  principal  author  in August 1982 using Schiieren  imaging  system  while 
testing  a  composite  laminate ( s e e  Figure 1). The phenomenon  is  the  result of a  resonant  excitation 
of plate waves that leak  waves  into  the  liquid  coupling  medium  and  interfere  with  the  specular 
reflection.  The  LLW  phenomenon is modi@ing  the  reflection  spectrum  introducing a series of 
minima  associated with the  related  plate  wave  modes.  These  minima are  the  result  of  a 
destructive  interference  at  the  specific  frequencies  between  the  leaky  and  the  spectral  reflection. 
The  LLW  experimental  procedure  involves  measurement  of  the  reflections  and  extraction of the 
dispersive spectral characteristics at various  angles  of  incidence  and  along  several  orientations 
with  the  laminate  fibers.  The data is  presented  in  the  form of  dispersion curves showing  the 
LLW  modes  phase  velocity  (calculated fiom Snell's  law  and the angle of incidence) as a hnction 
of  the kquency. 

Following the  LLW  discovery,  a  joint  study  was  conducted  by  [Bar-&hen  and  Chimenti, 19841 
who  investigated  the  characteristics of the LLW  phenomenon and its  application  to NDE. These 
two investigators coflcentrated on the  experimental  documentation  of  observed  modes  and  the  effect 
of defects.  Their  study was fbllowed  by  numerous  other  investigations of the  phenomenon  [e.g., 
Mal & Bar-Cohen,  1988,  Dayal & Vikram, 1991, and Nayfeh & Chimenti, 19881. In 1987, pal, 
19887 developed  a  model  that  can be used to  accurately  predict  the  wave  behavior.  The  results  were 
corroborated experimentally and t h  a method was developed to invert  the  elastic  properties using 
the LLW  dispersion data [Mal & Bar-Cohen, 19881. This study  was Mer expanded to NDE of 
bonded joints (Bar-Cohen & Mal, 19891. 

The experimental  acquisition of dispersion  curves  for  composite mataials requires  accurate  control 
of the  angle of incidencdrecqtion and the polar angle with the fibers. The need to perfbrm these 
measurements  rapidly and accurately was effectively  addressed at JPL where  a  specially  designed 
LLW Scanner  was  developed  [Bar-Cohen,  Mal & Lih, 19931. With  the aid of a personal  computer, 
this scanner  controls the height,  angle of incidence and poh -le of  the  pitch-catch setup. The 
LLW  scanner  controls  the  angle of incidence/reception  simultaneously  while  maintaining  a  pivot 
point on  the  part surfke. A view of the  LLW  scanner  installed on a C-scan unit is shown in 
Figure 2. A computer  code  was  written  to  control  the  incidence  and polar angles,  the  height of 
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the  transducers  from  the  sample  surface,  and  the transmitted kquency. In  prior  studies,  the data 
acquisition  involved the use of sequentially transmitted tone-bursts at single frequencies over a 
selected  Srequency  range  (within the 20dB level  of  the transducer pair).  Reflected  signals are 
acquired as a hct ion  of the  polar and incidence  angle and are saved in a file for analysis and 
comparison  with  the  theoretical  predictions.  The minima in the  acquired  reflection  spectra 
represent  the  LLW d e s  and are  used  to  determine  the  dispersion  curves (phase velocity  as  a 
h t i o n  of frequency). The incident  angle is changed  incrementally  within  the  selected  range 
and  the  reflection spectra are  acquired. For graphite/epoxy  laminates  the  modes are identified 
for  each  angle of incidence in the  range  of 12' to 50' allowing  the  use  of  fi-ee-plate  theoretical 
calculations. At each  given  incidence  angle, the minima  are  identified  and  are  added to the 
accumulating  dispersion  curves,  and  are  plotted  simultaneously  on  the  computer  display.  While 
the  data  acquisition is in  progress,  the  acquired minima are  identified  on  both  the  reflection 
spectra and  the  dispersion  curves. 

FIGURE 1 : A Schlieren  irnage  of  the  LLW  phenomenon showing a tone-burst  befbre and aRer 
impinging on the graphite/epoxy  laminate. 

FIGURE 2: A view  of  the  LLW scanner (bridge right side) installed on the  JPL's  C-scan  system 
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A follow-on  study  by par-Cohen, Mal & Lih 19931  showed  that  the  capability to invert the elastic 
properties using U W  data is limited to the matrix  dominated ones. To overcome  this limitation, 
which is associated with the need for  angles  of  incidence as small as 8", a methodology was 
developed that is based  on  using  ukrasonic  pulses. Assuming that the material is transversely 
isotropic  and using pulses in pitch-catch and pulseecho experimental  arrangements, it was shown 
that all the  five  elastic constants can be determined  fairiy  accurately. A parametric study was 
conducted  and  the expected error w determined  for the various  determined w m s  in relation to 
experimental  errors.  It was also shown that,  C12,  the constant with  the most sensitivity to defects, is 
critically  sensitive to alignment errors in  the  incident and polar angles. 

LLW THEORY AND DATA INVERSION 
Plate wave theory 
The  behavior  of an ultrasonic  wave,  which  is  propagating  through  a  composite  material,  is 
determined  by  the  material  stiffhess  matrix  and  the  wave  attenuation. To determine  this  behavior 
several  assumptions  can be made  about  fiber  reinforced  composite  materials.  The  material  can 
be  treated as homogeneous  since  the  fiber  diameter  (e.g.,  graphite  5-1Opm and glass 10-l5p) is 
significantly  smaller  than  the  wavelength  (for kquencies up to 20 MHz the  wavelength is larger 
than  1OOp). Each layer is assumed transversely  isotropic  bonded  with  a  thin  layer of an isotropic 
resin.  The  mechanical  behavior  of an individual  lamina is described by an average of the 
displacements,  the  stresses and the strains over  representative  elements.  The  average strains are 
related to the  average  stresses  through  the  effective  elastic  moduli. As a transversely  isotropic 
material,  unidirectional  fiber-reinforced  composites  are  characterized by five  independent 
effective  stiffjness  constants.  These  constants  dependent on  the  elastic  properties  of  the  fiber  and 
matrix  materials as well as their  volume M i o n .  The stress  components  of the wave  are  related 
to the strain through a linear constitutive  equation,  For  a  transversely  isotropic  elastic  solid  with 
its symmetry  axis  along  the xl-axis (along  to the laminate)  this  equation  can  be  expressed  in the 
form  [Christensen,  19811 

where a g  is the  Cauchy's  stress  tensor, ui is  the  displacement  components, c~ = (CU - c23)/2 and 
the  five  independent  sti&ess  constants of the material  are til, c12, cz, 623 and cg5. 

Modeling the effective  elastic moduli of composite  materials has been the topic of many studies. 
Extensive  discussions of the  bounds  for  the  effmtive  elastic  moduli of fiber-reinforced 
composites can be  found  in  [Christensen,  1981 J and  other  associated  literature  cited  therein.  For 
low fkquencies and low  fiber  concentration,  the  theoretical  prediction  of  the  effective  elastic 
constants  is in good  agreement  with  experimental results. On the  other hand, for  high 
fiequencies  the  theoretical  estimates are not  satisfactory  since  the  effect  of  wave  scattering by the 
fibers becomes significant.  For  fiber-reinforced  composite  materials,  dissipation of the  waves  is 
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cawed by the  viscoelastic nature of  the resin and by multiple Wer ing  &om  the fibers as well as 
other inhomogeneities.  Both  dissipation  effects  can be modeled  by assuming complex and 
fiecluemy-dependent  stiffhess  constants, Cw 

The  interaction  of ultrasonic waves  obliquely  insoniij4ng  a  composite  plate  excites  various 
elastic  wave  modes. These modes  are  strongly  affected by the  material  integrity  as  well  as  the 
bulk and interf'we  properties.  The  material  characteristics  can be extracted &om the  reflected 
and transmitted  acoustic  data  that is acquired as a  function of frequency  and  angle of incidence. 
A pitch-catch setup is assumed to be immersed in water insomf)4ng a  fiber-reinfiorced  plate  by  a 
plane harmonic acoustic wave. To formulate  the  wave field a  modified form of  the  potential 
fiulction  method  described in Puchwald, 19611 is  applied  here. 

For the  formulation of the  model,  the  displacement  vector (u1, 242, 243) is expressed in terms of 
three  scalar  potentials a, (j = 1,2,3) as follows 

@I y =- 
8x1 

drD, dQ3 
dx3 dx2 

24, =-" 
A sufficient  condition  for  the  displacements  to satis@ Cauchy's equations  of  motion  is  that  the 
potential  satisfies  the  following  differential  equation. 

r 

1 0 0 

where VI2 = 8/&: + # / i ? ~ ~ .  This equation  gives  a  partially  decoupled  system of diffetential 
equations  for  the  potentials.  The  general  solution  of  these  equations  is in the  form of plane 

where 
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and  the unknown vectors ( c ' }  = {C,' C2' C3+) and {C-) = (cl- C2- c3-). The "ve&al" 
wavenumbers Cg 0' = 1, 2, 3) and  the  factors qii (i, j = 1, 2) are  dependent on the  material 
symmetry. Defkition of & and 4ii can be found in [Mal, Yin, & Bar-Cohen, 19911. 

We  assume that  the  incident  ray  is  inclined  at  angle 8 to the x3-axis and that the  plane  containing 
the  incident  ray  and  the x3-axis is rotated at angle Q, to  the  x,-axis.  Let a0 be the  acoustic  wave 
speed in water and po is  the  density of water. Then, the  wave  field  due to  the  incident  wave  must 
be of the  form eif4x1+8r2**3), where 61 = k&nO cosq, i& = kosin0  sincp, 50 = bcos0, and ko = dao. 
The  plane  acoustic  waves  in  the  fluid can be represented  in  terms of two  Helmholz  potentials, @O 

for  the  upper  fluid  and 4po for the  lower  fluid.  The  displacement  and  stress  components in the 
acoustic  field are given  by 

ui = 49 @,Idxi 
6 3 3  = -powZ@, 
0 1 3  = a,, = 0 

where a = 0 or  b,  represents  fbr  the  fluid  field  above or under  the  plate,  respectively. 

For an ideal  fluid,  the  shear  stress  components  vanish.  At  the  fluid-solid  interfaces,  the  normal 
component of displacement is continuous,  however, a tangential  slip  between  the  fluid  and  the 
solid  is  allowed.  Thus,  the  boundary  conditions  at the top  and bottom surfi-tces of the  plate  can 
be expressed  in  the form 

where UO, Vi and UJ,  and VI are the components  of  the  slip  on  the  tangential  plane  at x3 = 0 and 
H, respectively. 

For an N layered  composite  laminate,  the  vector (Sm(x3)} each  layer  each  layer can be 
represented  by  constants A,* as  the  same  form in above  equation.  Then  the  field  equations 
incorporate  the  prescribed  conditions  at  the  two  fluid-solid  interfaces  and  the  continuity 
conditions  at  the  inner  interfaces  can be solved  by  a  global  matrix  method  suggested  by  [Mal, 
19881. 

Simplex Algorithm 
The  locations of the minima in the  reflection  coefficients  are  highly  sensitive to the thickness  and 
the stiflhess Collstatlts of the  plate  and are insensitive to the damping parameters as well as the 
presence of water in a broad frequency range. Thus the  dispersion data can, in principle, be used to 
determine  accurately  these  properties and any  changes in their  values  during  service. The phase 
velocity of guided  waves  in a composite laminate in absence of water  loading is obtained h m  the 
theoretical  model as a  transcendental  equation and its  function  requires minimization The 
minimization can be carried out through a variety of available  optimization  schemes;  we  have used 
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the  Simplex algorithm. The Simplex  algorithm  is  a  curve-fitting  algorithm  capable of fitting a  set 
of  data  points  to any  function, no matter  how  complex  it  is.  To  illustrate  how  the  algorithm 
works,  let's start with a simple  example. A hct ion f has two  variables x and y ,  and two 
unknown constant  parameters a and b as shown below, 

f ( 0 ;  x,y) = 0 

There  are  totally n sets of data q, yi, i = 1 to n. Each  set  of  the  data  points  substituted  into  the 
functionfyields 

Define a new function as 
n 

i=l 

where Wi is  a  statistical  weight.  Now,  the  problem of curve  fitting  becomes the problem of 
finding  a  set of the unknown parameters u and b that gives  the  minimum  value of  the  function S. 

A simplex  algorithm  can  be  described  as  a  geometric figure ( s e e  Figure 3) that has one  more 
vertex  than  the  space  in  which  it  is  defined has dimensions.  For  example,  a  simplex on a  plane 
(a  two-dimensional  space) is a triangle; a simplex in a three-dimensional  space is a tetrahedron, 
and so on. Retuming  back  to  the  previous  example,  we  build  a  plane  with Q and b as the two 
axes;  then  create a simplex (a triangle) as shown in the  Figure 3. Each  vertex of the triangle is 
characterized by three  values: a, b and S. 

FIGURE 3: A 2-D simplex B WO 
illustrating the four  mechanisms of 
movement:  reflection,  expansion, 
contraction, and shrinkage. B = best 
vertex, W = worst  vertex, R = 
reflected  vertex, E = expanded 
vertex, C = contracted  vertex, and S 
= shrinkage vertexes. 

0 
To  reach  the  minimum  value  of S, the following rules are used:  find  which  vertex  has  the  highest 
(worst)  response  and  which has the  lowest (best), then  reject  the  highest and substitute  another 
one  for  it. Four mechanisms are used to find the new  vertex:  reflection,  expansion,  contraction, 
and  shrinkage. Call d the  distance  fiom the worst  vertex  to M, the midpoint of all the other 
vertexes.  The  reflected  vertex is located  at  a  distance d f?om M on  the  line  continuation  that 
joins the  rejected  vertex  to M. The response  of  the  reflected  vertex  is  calculated and compared  to 
the responses of previous  set  of  vertexes.  The  results can be divided  into  three  groups as follow: 

The  reflected  vertex has a  lower  (better)  response  than  the  previous best. Then  the  expanded 
vertex  (by  reflecting  twice  the  distance d) is  tested.  The  expanded  vertex is accepted  if  it  has 
a lower  response  than  the  rejected  one;  otherwise  the  reflected  one  is  accepted. 
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The  reflected  vertex has a higher  (worse) response than  the  rejected  vertex.  Then  the 
contracted  vertex  (by  moving  the  rejeGted  one  a  distance of one-half d toward  the  midpoint 
Iw) is tested.  This  contracted  vertex  is  accepted if it  produces a better (lower)  response than 
the  rejected  one;  otherwise,  a  shrinkage occurs and  all  vertexes,  except  the  best one, move 
directly  toward  it by half of their original distance from it. 
The  reflected  vertex has a  response  better  than  the  rejected  one and worse than  the  best  one. 
Then this reflected  vertex is accepted. 

These four mechanisms are illustrated in the  Figure 3. The  above  steps  are  repeated  until 
satisfied  convergence is achieved. The locations of the minima in the  reflection  coefficients  are 
highly  sensitive to the thickness and the  stiftiness constants of the p h e  and are insensitive  to the 
damping parameters as well as the  presence of water  in  a broad frequency  range.  Thus the 
dispersion data can,  in  principle, be used to  determine  accurately these properties and any  changes 
in their  values  during  service. The phase velocity of guided  waves  in  a composite laminate in 
absence of water loading is obtained h m  the theoretical  model as a transcended equation of the 
form, 

G ( V A  cq, H) = 0 
For a given data set u k ,  vk), cg and Hcan be determined by minimizing the  objective function 

data set. 

Experimental corroboration of the inversion model 
The inversion of the  dispersion  curves  using  the  inversion  equation is sbvngly  nonlinear  in CQ 

(stiffuess  matrix)  and H (thickness), and its solution is non-unique.  Thus,  extreme  care  must be 
taken in interpreting  the  numerical  results  obtained k m  the  inversion of the  dispersion  data. 
Extensive  parametric  studies of the  inversion  process  showed  that  only  the  thickness  and  the 
matrix  dominated  constants c22, ~ 2 3  and c55 can be determined  accurately fiom the  inversion of 
the  dispersion  data.  The  fiber  dominated  constants, C I I  and c12, can be determined from the  travel 
times  and  amplitudes of reflected  short-pulse  signals  in  an  oblique  insonificittion  experiment 
Par-Cohen, Mal and Lih 19931. Persml Computer 

FIGURE 4: A schematic view of the 
rapid LLW test system. 



This system  consists  of  a LLW scanner  (center of Figure  4)  which  is  computer  controlled  to 
allow  changing  the  transducers'  height,  rotation  angle  and  the  angle of incidence.  The LLW 
scanner is an  attachment  add-on  to  ultrasonic  scanning  systems  and is shown  photographically in 
Fipre 2. The  control of the  angle of incidence  allows  simultaneous  change of the  transmitter 
and receiver  angle  while  maintaining a pivot  point  on  the  part d e  and assuring accurate 
measurement  of  the  reflected  ultrasonic  signals.  The  signals  are  transmitted  by a fbnction 
generator  that FM modulates  the  required  spectral  range. This generator also provides  a 
reference  frequency  marker  for  the  calibration of the  data  acquisition  when  converting  the  signal 
from time to fkequency  domain. A digital scope is used  to  acquire  the  reflection  spectral data 
after being amplified  and  rectified  by an electronic  hardware.  The  signals  that  are  induced by the 
transmitter  are  received,  processed and analyzed by a  personal  computer  after  being digitized. 
As discussed  earlier,  the  reflected  spectra  for  each of the  desired  angles  of  incidence is displayed 
on  the  monitor and the  location of the minim (LLW modes)  are marked by  the  computer  on  the 
reflection  spectrum.  These minima are  accumulated  on  the  dispersion  curve,  which  is  shown on 
the lower  part of the  display (see Figure 5). The use of the FM  modulation  approach  enabled  a 
significant  increase in the  speed  of  acquiring  dispersion  curves. 20 Merent angles of incidence 
were acquired in about 45 seconds as oppose  to  over  15-minutes  using the former approach. 
Once the  dispersion  data is ready,  the  inversion  option  of  the  software is activated  and  the  elastic 
stiffness constats are determined as shown  in Fimre 5. 

FIGURE 5: Computer  display  after 
the  data  acquisition  and  inversion 
completion.  The  elastic  stiffness 
constants  are  inverted from the 
dispersion  curve and are  presented 
on  the  left of the  screen. 
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Using the system  with  the  enhanced  data  acquisition  speed, various defects  can be detected  and 
characterized based on  the  signature  and  quantitative data that  is  available  fkom  the  dispersion 
curves.  In  Figure 6a, the  response from a  defect-&  graphitelepoxy  laminate  tested at the 0- 
degree polar angle  is  shown.  In  Figure 6b, the response &om an area  with  a  layer of simulated 
porosity  (microballoons)  is  presented. As expected,  at  low  fiequencies  the  porosity has a 
relatively  small  effect  and  the  dispersion  curve  appears  similar  to  the  one  on  Figure Cia On the 
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other hand, as the hquency increases,  the  porosity  layer  emulates  a  delamination  and  modifies 
the dispersion  curve to appear  the same as half  the  thickness  laminate. 

Experimental  Data  and  Application of Simplex  Inversion 
Typical LLW dispersion data and  inverted  results  fbr  a  unidirectional  graphitelepoxy  plate  was 
shown in  Figure 5. The material is AS4/3501-6  and the polar angle  (Le., the direction  of Lamb 
wave  propagation) is 0”. The reflected spectnun fbr  39.9”  incident  angle  is shown at the top of this 
Figure, and the accumulating dispersion curves are at the bottom. The inverted  elastic and sti&ess 
constants are given  at the left. To demonstrate  the  capability  of  the LLW method to  characterize 
materials degradation of composites, a  sample made of AS4/3501-6 [O],  laminate was Wed after it 
was subjected  to heat treatment. The  sarnple was exposed to a heat ramp h m  mom temperature to 
480’ F for  15  minutes,  and then was taken out of the oven to cool in open air at mom 
temperature.  The  sample  was  tested  at  a  specific  location  before  and  after  heat  treatment.  The 
measured  dispersion  curves  are  shown in Figure 7. It can be seen  that  there  are  distinct 
differences  in  the  dispersion  data  for  the  specimen  before and after  heat  treatment. Since the 
heat  damage  occurs  mostly  in  the  matrix, #e effect is  expected  to be more  pronounced in the 
matrix dominated stiiibss constants.  The constants ell, c12, CZZ, CZ3 and c55 obtained from the 
inversion  process  are  127.9,  6.32,  11.85,  6.92  and 7.43 GPa, before  heat  treatment,  and  128.3, 
6.35, 10.55, 6.9 and 7.71 GPa, after  heat  Irmtment.  The most noticeable  and  significant  change 
is in  the  stiflhess  constant c22, which is the property most sensitive to wuiatioas in the matrix 
resulting in a  reduction  in the transverse Young’s modulus. 
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FIGURE 6a:  The  refection  at 39.5 degrees FIGURE 6b: The response at  a  defect  area 
incidence  angle  and the dispersion  curve  for where  porosity  was  simulated  in  the  middle 
a GrEp LO324 laminate  with  no  defects layer, 

It should be noted that  the  inversion  equation is strongly nonlinear in cv and H, and its solution  is 
non-unique. Thus, extreme  care  must be taken  in  interpreting  the  numerical  results  obtained 
fiom the  inversion of the  dispersion data, On the  basis of extensive  parametric  studies of 
inversion  equation,  it has been  concluded that only the  thickness and the matrix  dominated 
constants c22, C23 and c55 can be determined  accurately &om the  inversion  of  the  dispersion data 
This is due  to  the  fact  that the dispersion hct ion 0 is not  very  sensitive  to  the  fiber  dominated 
constants ell and c12. These  two constants can be determined  accurately fiom the  travel  times 
and  amplitudes  of  the  reflected  short-pulse  signals in the oblique  insonification  experiment. The 
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composite is modeled as a transversely  isotropic and dissipative  medium and the  calculated 
dispersion  curves  are co- to the experimental data using the LLW setup. 

FIGURE 7: The  measured  dispersion 
curves of a 10124 graphite-epoxy  panel 
before  and  aRer  heat  treatment. 
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To  enhance the accuracy  of  the  inversion  of  the  material  stiflbess  constants,  a  method  was 
developed to acquire  dispersion  curves  and  display  them  in a graphics format as shown in  Figure 
8. This method  allows  viewing  modes  with  amplitude  levels  that  are  significantly  smaller  than 
those  observed  previously.  The  bright  curved  lines show the  modes in the background of  the 
reflected  spectra. Methods of extracting  the  modes  were  investigated using image processing 
operators and neural  network  procedures. Once the  curve  of a specific  mode  is  determined,  it is 
transformed to actual fkquency vs. velocity  data and then  inversion is applied. This process 
involves a trade-off  between noise suppression  and  localization,  where iin edge detection 
operator is used to  reduce  noise but it  adds  uncertainty to the  location  of  the  modes. Our 
approach  consisted  of  using  a  linear  operator  that  employs a fwst  derivative  Gaussian  filter. This 
fiter numerically  approximated standard finite-difference  for  the first partial  derivatives in the x 
and y directions. This type of operator is not  rotationally  symmetric  and  it  is  sensitive to the 
edge in the  direction  of steepest change,  but acts as a smoothing  operator in the  direction  along 
the  edge. 

1 I I 

FIGURE 8: A view 
of an imaging  method 
of presenting LLW 
dispersion  curve. 
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MULTIPLEXED LLW SYSTEM 
The  basic  setup  of a typical LLW data acquisition  system  was shown in Figure 2, where  the 
angle  of a pair  of  transducers is physically  changed in steps. This motion  places a practical limit 
on  the  speed  of  dispersion  data  acquisition,  which has been  in  the  range of 45 seconds  in  our 
recent  tests.  To  make this process h t e r  the  use of electronic scanning can be the  next 
alternative. A multiplexing  system was developed as shown  schematically in Figure 9, where  a 
pair  series of pitch-catch  ultrasonic  transducers  was  developed  with  the  transducers  directed 
toward a selected  point on the  top  surface of the  tested  composite  laminate. The data  acquisition 
flow  chart  diagram is also shown in  Figure 9 and  the  signals  that  are  induced  by  the  transmitter 
are  received,  processed  and  analyzed  by  a  personal  computer  after  being  digitized.  The 
developed soffware activates  sequentially the various transducer  pair to be triggered  for  data 
acquisition.  Signals  are  induced  by FM modulated hnction generator  and  are  received  by  a  set of 
mceiver/amplifier  after  interrogating  the  test area. The  fbnction  generator  provides  a  reference 
fiequency  marker  for  calibration of the  data  acquisition  when  converting  the  signal fiom time  to 
fiequency  domain. This multiplexed  system of  transducer  pairs was also  designed as an 
attachment  added-on to ultrasonic  C-scanners.  The  multiplexed  transducer  fixture  is  shown 
photographically in Figure 10. Personal Computer 

FIGURE 9: A schematic  view of the 
multiple  pairs of transducers  system 
that  are  scanned  electronic  for  testing 
composite  material. 

A system of 4 pairs of 5 M H z  transducers was used, which  were  aligned to transmit  at 15,30,45 
and 60 degrees  angles of incidence. A multiplexer was designed  to  triggering  the data acquisition 
of  the  selected  transducer  pair.  The  data  acquisition  setup  consisted of a pulse  generator HP 
81 16A, broadband  receiver W t e c  Model 605), amplifier  (Panametrics  Model 5052UA) and 
digital scope (LeCroy 9410 series  dual 150 M H z  oscilloscope).  The  digital  scope  displays  the 
reflection  spectrum  in  real  time and a  PC  displays a user  menu  that controls the  data  acquisition 
and  analysis  operation. Further, the Computer  program was modified to automatically  control  the 
sequence  of  activated  transducer pairs and the  acquisition  of  the  dispersion  curve.  Each pair 
represents a given  angle  of  incidence  and  the  acquired  data is display  on  the  screen. The 
computer  marks  the minima of the  reflection  spectrum (LLW modes) and the minima are 
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accumulated  separately to form a  dispersion  curve.  Once  the  dispersion data is ready,  the 
software  option  of data inversion is  activated  and  the  elastic stiaess constants  are  determined. 

FIGURE 10: A view of the 
multi-probe  system. 

ISSUES AFFECmNC THE  TRANSITION OF LLW TO PRACTICAL  USE 
The  issues  that  affect  the  transition of the LLW method to standard NDE apprication  include: 
1. 

2. 

3. 

4. 

Material density - The  inverted material constants assume that the r&terial  density is known. 
m l E  lneasuement of the material density can be done  by  radiographic tests. However, such 
tests are  not  economical  and they require access @om two sides of the  test  structure,  therefore an 
alternative  method of measuring, the density is needed. 
M&i-ot.ientation laminates - The inversion algorith developed  for  the  determination of the 
elastic  properties has been  very su;ccessful for unidirectional Laminates. The analysis of 
laminates with  multi-orientation  layers using ply-by-ply  analysis is complex and leads  to  ill- 
posed results. The  authors  are  currently  studying methods of inverting  the  material  elastic 
properties  without the necessity  to deal with  individual  layers 
Comlex data muisition - The LLW data acquisition setup is complex and the related process 
is not user friendly. The authors have  significantly  improved the data acquisition process, where 
a personal computer assists  the  user  by  optimizing the setup height to assure the greatest  ratio 
between the maximum  and minimum amplitudes in k reflected spectrum. The  polar  angle is 
set using the polar backscattering  technique  [Bar-Cohen  and  Crane, 1982) to  determine  the 
direction of the first layer. Further, user  fiiendly  control  software that operates on the  Widows 
platform  is  being  developed to allow  interactive sothare control. 
T i m e - e ~ e  xlfo(;ess - The fbrmerly  reported  process of acquiring a dispersion  curve  was 
time consuming and  took between 10 and 20 minutes to acquire a  curve for a  single point on the 
composite material. Recent  development  by  the  authors allows the  measurement of the 
dispersion  curves at a  significantly higher speed in the  range  of  fiaction of a  minute. Using the 
new capability of rapid  acquisition,  various  defects  can  be  detected and characterized  based 
on their  dispersion  curve  data. This increased speed of  dispersion  data  acquisition  offers  the 
capability to produce  C-scan  images  where  variations in individual  stiffhess  constants can be 
mapped. 
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CONCLUSIONS 
The  leaky  Lamb  wave (UW) method has been  studied  by  numerous  investigators who 
contributed  significantly to the  understanding of wave  behavior in anisotropic  materials. 
However,  in  spite of  this  progress,  the  LLW  method  is  still far fkom being an acceptable  standard 
NDE  method.  The authors investigated  the  potential  issues  that  are  hampering this transition to 
practical NDE and  identified 4 key  issues: a) There is a need to determine  the  density 
nondestructively using access  &om  a  single-side;  b)  The  technique  should be applicable to multi- 
layer  angle-ply  composites; c) The data acquisition  process  needs to be more  user  fkiendly; and 
d) Tbe process of data  acquisition  needs to be more  rapid.  The  authors  have  made  significant 
progress in the  simplification  of  the data acquisition process  and  the  acquisition  speed  with  some 
progress has been  made  in  dealing  with  cross-ply  and  quasi-isotropic  laminates.  The  inability to 
measure  the  material  density  with an NDE tool  using  access €torn a  single  side  of  a  laminate is 
still considered an unresolved  issue and will require  further  research. 
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